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20  ABSTRACT  fConlinu^  on  rever.ne  .nide  If  neceinsrv  and  IdentHv  hy  binrk  mimber' 

Compressive  damage  in  alumina  has  been  characterized  as  a function  of 
strain  rate  and  temperature.  Scanning  electron  microscopy  and  acoustic  emission 
were  employed  in  examining  both  tlie  early  crack  initiation  and  later  failure 
stages  t)l  damage  caused  l)y  uniaxial  ci'mpressive  stress.  The  fornuition  of  late- 
ral cracks  produced  during  indentation  loading  is  characterized  in  tt'rms  of 
mi  c roplas  t i c i t v , and  t iu'  particle'  velocity  range*  ove’r  which  the  mechanism  is 
expected  to  be  operative  is  computed. 
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This  rL'port  doscr  i l>fS  tlu'  rcsulLs  of  cxiu-r  iinoiiLs  i-arricd  out  durin;',  a 
program  direcLod  tow.ird  assossing  tin*  rolo  of  lainipross  i vo  strossi's  and  oom- 
pross  ion- induuod  damago  in  t lio  failuri'  of  a hrittio  coraniic.  The  Lemperaturo 
and  strain  rate  tlopondenco  of  botii  early  miorocraik  formation  and  ultimate 
failure  under  un'.ixiaJ  compressive  loading  are  desi'ribed,  and  indentation 
mieroeracking  is  considered  in  terms  of  compressiv<'  damagi'  mechanisms. 
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COMVKI'SSIVI-  MU:i<()FRy\CTlM<K  AND  I NUI-NTATl  uN  DAMACK  IN  Al.D. 


During  ttu>  impacL  of  ri'raniios  by  small  liard  par  L i o 1 os . indentation 
damago  is  oausod,  which  can  loaii  to  oroiiim  and/or  stroiigtli  dogradaLion  oi 
tiiL>  ceramic.  It  is  suspootod  that  certain  types  of  i ndon  ta  t ion- i ndiioed 
flaws  may  be  genor.iLed  by  the  compress  i v'e  fields  kiK>wn  to  be  associated 
with  sucli  loading.  Accordingly,  a researcli  progr.im  was  carried  out  to 
assess  tlie  mechanisms  of  damage  in  a strong  ceramic  subject  to  i-ompressivc 
loading,  and  to  determine,  if  possibK',  tiu'  relevance  of  such  meclianisms 
to  indentation  damage. 

Initial  results,  indicating  that  the  early  stages  of  compressive 
damage  in  .AljOj  consist  of  twinning  and  twin-induced  m icroc racking,  have 
been  reported.'  In  addition,  it  was  shown  tliat  the  compressive  strength 
was  strain  rate  sensitive.  In  tlu'  present  report  the  earlier  results  are  ex 
tended  over  wider  ranges  in  temperature  and  strain  rate,  .and  interpreted 
through  acoustic  emission  experiments  designed  to  deti’ct  the  onset  of  micro- 
plasticity. Furthermore,  the  temperature  dependence  of  tin.'  fractographv 
assoe fated  with  ultimate  failure  is  characterized  using  seanning  electron 
microscopy.  The  results  of  an  Si'M  studv  I'f  indentation  in  tiie  same  material 
are  also  reported,  and  it  is  showai  that  eompressive  d, image  in  the  form  of 
twinning  is  important  in  mu  leatlng  t lie  lateral  microcracks  thought"'  to  be 
res|)onsible  tor  L-rosion.  ba-'isi  on  the  eompresiive  tes  t -aeons  t 1 c emission 
data,  the  particle  velocity  regime  over  wliicli  the  t w in /m  1 c roe  rack  I'rosion 
mechanism  seems  r«.'levant  is  estimated. 

KXI’ K K 1 M 1 'N TAh  I’ ROCFDl’  RKS 

Tile  compression  test  set-up  ;ind  procedures  have  been  describt't!  in  de- 
t.ail  elsewliere,'  and  are  discussed  lu're  onlv  bricflv.  C.ompress ion  speci- 
mens were  lahricatctl  in  tlie  f»'rin  of  right  circular  cylindrical  spL'cimens  cut 
from  .is-rcci.' i ved  roils  ot  po  1 yc  rv.s  la  1 1 i ne  laiialox-’'  alumina,  tiaving  a 25. im 
grain  s i Zi' . Tlie  ends  of  tlie  1.25  cm  long  x ().b25  cm  dia.  specimens  were 
ground  p.irallel  .and  polished  to  a mirror  finish.  Compression  tests  were 
i.irried  out  using  platens  of  Coors  AD  999  alumina. .Slrtiin  rates  ranged 
from  7xl('“''  sec”'  to  2xi0'  sec~',  with  the  latter  rates  being  achieved  bv 
means  of  the  llopkinson  [iressure  li.ar;  temperatures  were  varied  from  -200°  to 
400°C.  Not  .all  ii'sts  were  c.arrii'd  out  to  failure;  in  particular,  certain 
s[)ccinii'ns  We  I'l'  loadi'd  to  predetermined  levels,  during  which  loading  period 
acoustic  cmissii.n  w.is  monitored,  ,wd  then  unlo.ided  .and  (-oated  witli  palladium 
for  study  in  t lu'  SKM  to  detect  anv  damage  wliieli  might  ii.tve  lieen  incurred. 

The  Iracturi'  siit  faces  of  failed  specimens  also  were  ex.imined  in  the  SEM. 

Acoustic  emission  (AH)  was  monitored  during  certain  compression  tests 
witliin  the  frequency  domain  1 00  kllz  to  I MHz,  witli  a transducer  ri'sonaiice 
ot  IbO  kHz.  Tile  signal  was  pissed  tiirougli  an  HO  dB  g,a  i n amplifiei',  .t  filter 
and  an  .idjustahic  d i sc  r i m i n. a t or  , wliose  level,  oiiee  sot,  remained  const. int 

*Type  CW,  (iitu-r.al  Kleclric  l,am|5  Clas:.  Division.  C I eve  I .ind , Oliio. 
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for  .ill  LOHts.  I’ulsos  Iron  fho  d i so  r i mi  n.i  i ■' r eiUori'd  .1  i-dccadc  comilor 
and  ;i  digital  w.ivoforni  rooordor  togollu’r  witii  tin*  lonipross  i vc*  s t ross/ 1 i mo 
signal.  Following  tlu*  test,  tlie  rooorder  was  played  back  throngli  a sti'ip- 
c-hart  rc'corder  to  viold  as  t unction  of  lime  both  stress  and  .iccumul.itc’d 
counts.  The  best  fit  curve  to  the  latter  was  di 1 t erent iated  and  plotted 
versus  the  tcjrmer  to  prcivide  tlie  count  rate  as  a 1 unction  of  stress.  This 
method  of  treating  the  AE  i n forma  t i ini  is  similar  to  chat  used  by  citiiers 
studying  the  tensile  strength  of  cer.imics. 

In  addition  to  the  compressive  strength  tests,  some.*  of  the  as-lired 
rcids  were  indented  statically  wlt'.i  a dianwnd  pyramid  micro-hardness  indeii- 
ter.  Individual  grains  were  selected  for  multiple  indent.ition  at  sequent iailv 
higher  loads,  with  indenter  orient. ition  m.iintained  constant  within  .a  given 
grain.  For  comparison,  the  polished  surface  I'f  a large  |OliOj  oriented, 
sapphire  single  crvstal  was  indented  in  the  ^..ime  wav.  Following  indentation, 
the  specimens  were  coated  and  examined  in  tlie  .-.canning  eUi-tron  microscope. 

RESIT.T.S 

Compressiv'c  Strength 

The  compressive  strcaigth  of  'j,  of  hucalox  as  a function  oi  temperature 
1'  behaves  in  a manner  reminiscent  of  its  tensile  strength.  As  shown  in 
Figure*  1,  till*  strength,  for  two  different  str.ain  rates  (c),  deci  is>'s  witli 
increasing  temperature,  then  rather  suddenlv  begins  to  in. ’tease,  before 
finally  settling  hack  into  an  inverse  relationship  with  temperature.  Rend 
tests  perfeirmed  on  the  same  material'^’  in  air  and  vaeiuim  exhibit  qualitative- 
Iv  the  same  beliavior,  except  th.u  the  average  strength  is  Iciwor  by  .in  order 
of  magnitude,  and  the  strength  minimum  c.iccurs  at  .’iround  }‘)0°C  rather  tlian 
ITiO"  to  250°C.  Extrapolating  the  lower  strain  rate*  d.iti  to  ahsolutc_^'  7,c*ro 
vtclds  .1  prcijeiHed  ultimate  compressive  strength  c'f  about  4200  M\’/m'. 

The  thermally  activ.ited  nature  of  tlie  compressive  failure  process 
is  further  exemplified  by  tin*  dependence  of  sti'engtii  11)1011  strain  rate, 

(ilottL’d  in  Figure  2.  Over  nine  orders  of  magnitude  in  strain  rate,  tlu* 
strength  experiences  approxim.itel v a 41%  increase.  However,  it  would  ap- 
pear, based  on  the  ultimate  stri*ngth  of  4200  MN/m'  deriveti  f rc>m  the  dat.i. 

tluic  the  effect  sliould  j>ersisl  to  strain  rates  in  exce*-.s  of  10®  sec'*. 

The  resemblanci*  between  the  'j-'T  curves  for  tension  ,ind  comi’*ress ion 
is  nilected  in  tlu*  tr.icture  surf. ice  aiqiea  r.inci-  as  well.  .As  show'n  in 
Figure  s,  low  li,*mper.iture  tests  exhibit  mixed-mode  tracture  surfaces,  i.e., 
combined  intergr.inular  and  t r.insgraiiu  1 a r . t liquid  nit,  igeii  temperatures, 
both  nodes  are  iiresent  in  ronghlv  e(|u.il  pro)-ortion,  hut  witli  increasing 
temperature,  tin*  propensity  for  i nlorgr.inul . r f.tiluro  increases(Figure  4). 
Around  900'’0,  failure  is  almost  tot. illy  in  ti  rgranu.i  i a r , I’xcept  for  certain 
regions  (arrows.  Figure  >)  which  a)ip.  ar  to  i ,ive  failed  hv  t ransgr.inular 
cleavage,  along  imiltipli’  c rvs  t a I i op  r.'r.h  i c planes.  Such  1 n*gion  is  shown  at 
liigtu*r  magnification  in  Figure  b. 


Ai’oustii-  l^mLssioa 


Tho  onsot  of  .U'lni.sl  i c I'lnission  duo  lo  d;>n;ii;o  ( .s  diM  inoci  us  Lbo 

stross  lovol  at  which  tho  ucoustio  oniis.sion  i oimt  r.i't  o first  iu'giiis  to 
oxooed  tlio  iiaokgro (ind  rato,  iisu.'iilv  a 1 1'w  olnlnt^;  pi't'  'i-oorui,  cio t i-rm i noti 
bv  tiio  disor  inii  nator  lovoi.  in  i'igiiri-s  1 ani.  2.  is  |i]otLid  as  a func- 

tion of  t omporat  uro  and  strain  rati',  rospoct  i voi  \ 'it  is  apparent  tliat 
damage  begins  at  stress  li’vols  woil  below  Lliat  ro(]uireil  to  o.uisi.  traoturc  . 
I’iit,'  curve  for  aooust  io  omission  stress  ] ovi- 1 parallels  that  for  lailurt- 
strength  t rom  -dOO  to  around  2(H)°C  in  i'iguro  1,  hut  doo^.  not  rolioot  tin 
subsequent  increase  in  strengtii.  Similarlv,  tlie  d.ita  plotted^  in 

Figure  2 follow  tlie  a .-i‘  reasonaltly  well  (,'ver  tlii^  iimiti-d  range  in  with- 
in wliich  AF,  was  obtained.  i'liis  would  be  expected  from  tlie  ri-sults, 

i.e.,  as  was  tlie  case  with  decreasing  F,  the  strength  increases  with  ’ 
from  that  at  *:  10~“  sec“\  T = 23'’F.  The  strain  rate  range  for  AE  was 

limited  to  that  shown  in  Figure  2 by  the  fact  that  at  higher  strain  rati’s. 
the  transducer  was  forced  to  I'ount  at  rates  in  excess  of  its  capability 
to  respond. 

.\s  in  the  case  of  a , an  I’Xt  rapolat  i on  to  absolute  zero  mav  be  car- 
ried out  for  O Yielding  (Figure  1)  an^ultimate  stress  for  twinning  of 
3100  MN/m^  . Ext rapol a t i iMi  of  the  data  in  Figure  2 to  this  stress 

levtil  would  imply  the  requirement  of  ;i“straln  r.ite  in  excess  of  10*'  seo“' 
in  ordi'r  to  suppress  twinning  at  room  t <.'mpera  t ure . 

SF.'’I  studv  of  specimens  loaded  to  various  stress  levels  showed  that 
below  the  threshold  stress  level  for  acoustic  emission,  no  damage  was  dis- 
cernible. Above  this  level,  twinning  was  visible  In  many  grains,  and  as 
stress  levels  were  increased,  still  more  t.wins  Wicre  produced,  and  mieri'- 
cracks  began  to  appear,  associated  with  twin-gr.iin  boundary  i n t er sec t i ons 
and  with  twin  plane  decohesion.  Thi:'  aspect  of  compr  icss  i ve  strength,  i.e., 
the  role  of  twinr'ing  in  causing  mie  roe  rack  i ng  in  l.ucalox,  has  rt’cently  been 
documented  extensively  bv  the  writer.'  In  the  present  context,  the  main 
point  is  that  the  thermal  Iv  activated  mechanism  detected  by  tb.e  AE  is  de- 
formation twinning.  In  addition,  as  documented  in  an  earlier  studv^  of 
tensile  failure,  twins  formed  above  2()()"(1  wire  generally  thicker  than  those 
mucleati'd  at  lower  t empera  t viri'S , and  there  was  a greiiler  tendorvev  lor  twins 
to  themselves  nucleate  addirion.il  twins  in  adjaci’iit  grains. 

In  addition  t,i  these  general  obsi'rva  t ions , rt'cenl  studv  of  higher  tem- 
pera tun.-  spot- imens  has  reveaK’d  eertain  .apparentlv  microplastie  features 
which  may  shed  light  eoncerning  fracture  mechanisms.  From  -200”C  to  .'iOO°C, 
the  only  evidence  of  mi c rop I ast  i e i t y seems  to  he  twins,  such  as  are  shown 
in  Figure  7.  However,  at  bOO'’C,  rather  wav'’,  slip-like  features  inive  been 
observed,  sometimes  associated  witli  transgranul ar  mierof raeture,  as  in 
Figure  H (arrows) . Tlie  waviness  of  these  marking  contrasts  with  the  ex- 
treme I v sharp,  [ilan.’ir  appearance  of  the  twins  (Fip.ure  7).  High  magnifica- 
tion stmiv  ol  specimens  stresst.'d  at  d‘^2"C  also  reve.ils  the  presence  of  these 
wavv  surface  markings  (Figure  H) . 

•\t  the  same  tempera  t urt' , an  atlditional  defect  meclanism  is  observi'd. 
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These  features  liavi'  tiu'  furm.  as  shou^i  in  Figuri's  10  an<i  II,  c'f  vha!  appear 
to  he  serratt^d  tu'in^..  Siiulv  ef  tiu'  si'rrat  ions , Fijiurc  12,  shows  that  they 
are  ervs  ta  1 1 o^raphii- , and  tiiat  t lie  serrations  iiavi'  rotatiai  or  sheared  out 
of  the  yriin.  In  Kieure  1.’,  th'.-  r e 1 a ' i • >nslii  p between  the  s.,'rration  edges 

and  rile  thermal  Iv  etilied  ervst  a I 1 ■ r ipii  ie  plan..-s  is  unm  i s t ak.ab  1 e . It 
appears  tiiat  tliese  regions  eonstitulL'  i r ansgranu  1 a r fractures  wliieli  wi'uld 
liave  a serrated  or  faceted  i.  ross  section. 

1 ndeti  tat  i on  I I's  I i ng 

In  tills  section,  tlie  sequenci’  ol  events  cor  respond  i ng  to  tlu'  earlv 
stages  of  indentation  ti. image  in  .Al  tlj  are  ex.iniined  in  gi'icater  detail  tlian 
heretofore  reportL'd.'*  As  sliown  in  I'igure  1 ia , tile  first  evidence  of  damage 
in  tile  pol yc rvs ta  1 I i tie  material  loaded  to  ')  gm  is  tlie  indent,  plus  faint 
surface  di’f ormtit  ion  markings  (arrow)  ni'ar  one  edge.  .At  liiglier  loads  witliin 
tile  same  grain,  precisely  tlie  stiiiie  pattern  occurs,  hut  tlie  larger  indenta- 
tion now  exliibits  radial  i r.acking,  and  tlie  surftice  markings  ;ire  more  distinct 
In  Figure  13b,  tliesi'  fi.itures,  causi-d  liv  a aO  gm  load,  are  clearlv  evident, 
is  ari'  .uiditional  faint  markings  along  tlie  w. 1 1 1 s ol‘  tlie  indent  (arrow);  tile 
intense  surface  marking.s  aia  in  tile  same  loc.uion  as  tliosL-  first  appearing 
at  5 gm.  It  is  interesting  to  iioti’  tiiat  the  lower  radi.il  ciaik  (K)  is 
standing  open,  and  tli.it  it  si'cms  to  end  no, it  the  .ip..x  ot  tlie  indont 
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Indentation  under  700  gm  load  in  Lucalox  (a).  (ill  i jip  i ng  eaused 
bv  lateral  craek  formation  (b)  . Higher  magne f iea t i on  vIl’W, 
showing  nueleation  site  (.arrow). 


more  plentiful  twins  at  higher  temperatures.  Similarly,  increased  strain 
rate.s  inhibit  twinning,  lienee  microcraek  nueleation,  and  thereby  raise  the 
strength . 


The  ' .-T  minimum  is  more  diffiv'ult  to  explain.  It  is  possibK’  that 
the  thickening  of  twins  may  plav  a role,  by  all  'wing  twinned  grains  to 
accommodate  greati'r  strain  witbout  cracking.  The  process  ol  thickening., 
a thermally  activated  mechanism  distinct  from  that  of  initiatii'ii,  would  not 
be  expected  to  cause  detei.-tahle  AT,  and  would  agri’e  with  the  observation 
of  no  change  in  the  ' .-f  curw  in  the  region  of  the  minimum.  Alternative- 

ly, the  minimum  might'Mie  accounted  for  by  the  observi-d  tendency  for  twins 
nucleated  at  and  above  ^ the  C(--T  minimum  to  in  turn  initiate  twins  in  adja- 
cent grains,  ratlu'f  than  mi  crocraiks  as  at  lower  temperatures.  The  eiihanci'd 
thermal  activitv  in  this  c;ise  would  serve  to  promote  twinning  on  otherwise 
less  highlv  active  twin  svsti’ms. 

Based  on  con v>.'n t i ona  1 thermal  activatii'n  tlu'orv,  it  is  possible  to 
calcul.ite  .in  activ.ition  (-'iiergy  for  the  twinning  process,  using  tlu' 
and  ‘jXi.-’  d.it.i.  In  its  simi'lest  form,  the  Arrhenius  r.ite  etpiation  miiv  he 
wr i t t en  as 


-r(  •) 

KT 

c J 


(II 


w'here  the  activation  imergv  l'(  ) is  assumetl  to  he  .a  t unction  ot  the 


mM 


‘4fiTT) 


.'!i  i mU  II L v.i  1 1 
1.  h i i'p  i 11:’.  ( (i ) Hi 
( ,i  r Ti  -v.’--  > , twin 


wIkto  I'jj  is  tl)o  tiil.il  .ii- 1 i v.i  I i iiii  1‘iurgv  ni  ttic-  p roi-i-.;  , V is  tin'  .n- 1 i v.i  t i on 
voliirao,  ami  llio  minimum  sLti'ss  ru(|uiro<l  to  proiimo  Ir.iitnii’.  Suhstilnt- 
ing  Equation  [1)  iitto  litiualion  (1)  violds 
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AE 


RT 


From  thu  data  ohtainod  in  tho  AE  oxpor  i men  t s , t; 1 'lOO  VN/m'  . and 
■"  Q ID'’  see'*.  (>n  tins  Itasis,  tiie  total  aetivatii'ii  enorgv  tor  twinning 
is  ^'Stimati'd  tv>  be  approx imat e Iv  18  kcal/mole.  This  valiu'  is  eonsider.iM. 
lower  than  that  tli-termined  from  tests  carried  out  at  higher  homoli>gous  tem- 
peratures, where  dish’cation  mechanisms  predominate.  In  thi'  latter  i ..  , 
activation  energies  are  on  the  order  of  85  kr’al/mole.  It  should  be  notksi 
that  a valid  activation  energy  cannot  be  calculati'd  using  simpiv  the  com- 
pressive strength  data,  since  compressive  failure  is  a comiiosite  proci-ss 
involving  crack  nucleation,  growth  and  coa 1 escinice  . ’ 

■flu'  idea  lh;it  the  a ,-T  minimum  is  in  some  wav  related  to  the  twinning 
process,  and  assoeiate<l  crack  initiation,  is  compatible  with  the  observed 
f rac  tograph  i c behavior.  Tiiat  is,  no  dramatic  change  in  f rai- togr.aphv  is 
observed  in  tiie  region  of  tlu'  minimum;  ratiier,  tiie  fr  icturi'  moiie  is  changing 
slowly  f ri’m  mixed  mode  to  predominantly  in  lergr.inu  1 ar  . iiie  same  trend  li.as 
been  observed  by  a number  of  wii  rke  rs  ^ ° ~ ' studying  tiu’  tiaisile  f rae  t ograpliv 
of  alumina  over  the  same  Lemper. iture  range. 

Considering  togellier  the  observations  of  tile  deform.alion  markings  .and 
tiie  f.iiled  spi'cimen  f rac  tograpliv , it  seems  re.ison.able  to  suggest  the  follow- 
ing. .At  lower  temperatures,  at  least  some  of  tiie  transgranul.ar  fr.ictnrt’s 
tend  to  correspond  to  the  twin  planes  wliose  tr.ii'i's  are  visiliU'  as  micr.'- 
plastic  surf.ace  deformation.  titliers  are  >.aused  by  twin/grain  hound.arv 
intersections,  .and  tile  resultant  initi.ition  of  axi.il,  transgranular  cr.acks. 
Above  room  temperjiture , int  I'rgranular  separ.it  ion  i increasinglv  favored, 
possibly  tlirougli  limited  grain  boundary  slip.'’  At  .arcnind  900°C,  plasti- 
city tlirougli  disioc.ation  flow  (as  oi>posed  to  twinning  ali'ne)  may  extend 
into  tile  grains,  causing  transgranular  fracture  tlirougli  si  ip  plane  deeohesion. 
In  .addition,  liiis  temper, atiire  range  I'xhibits  the  apparent  Lw  inn  ing/serrated 
cleavage  mi-chan  ism , whicli  seems  to  bo  so  strongly  crys  ta  1 1 ogruph  i c , and 
which  probably  corresponds  to  the  rel.atively  rare  t r.insgr.inu  1 ar  fractures, 
also  f.aceted,  si'en  .at  these  temperatures.  it  is  c 1 ea  r , i nc  ident  al  1 y , that 
the  twins  form  first,  followed  by  the  f.aeets,  since  both  unserrated  and 
partially  serr.ated  twins  .are  observed  in  tlu  temperature  r.ange  of  the 
me chan  1 sm . 


ihe  sharpness  and  I’larity  of  tlu'  cleavage  facets  and  intergranular 
sop.ar.i  t ions  are  interesting.  These  haracli  risi  ics  would  implv  that  no 
iiUeriaciii  sliding  sulficienr  to  cause  grooving,  cliipping,  c>r  otlier  mixed- 
modi-  I r.ick  growtli  damage  raeclianisras  had  taken  place.  Miri’over,  since  tin 
t’omiin-ss  i VC  f.iilure  of  Al  ,0  is  environmentally  insensitive,'  mode  I crack- 
ing .liso  i not  very  likely,  suggesting  tlial  c-omp  ress  i ve  "failure"  corres- 
[londs  |)riiu  i [i.i  I Iv  to  microcr.ack  coalescence,  causing  the  s[)ecimi'ii.  in 


1 


issL'nc'o,  Lo  explode.  Siuh  a failure  pn'cess  would  he  compatible  with  llu 
strong  ri'semblence,  as  a fum-tion  of  temper.it  ure , ol  tlie  compressive  .uui 
tensile  fractogra])iiic  features. 

Indentat ion 

It  seems  el'?ar  tliat  twins  play  a significant  role  in  tlie  nucleation  of 
Literal  cracks  during  the  indentation  of  l.ucalox.  This  is  in  qualitativi 
agreement  with  specul.ition  by  several  workers"'’  that  later.al  crack  formation, 
possibly  as  opposed  to  r.adial  cracking,  probably  will  bi,'  found  to  be  con- 
trolled bv  the  plastic  damage  zone  beneath  the  i ndiuit a t i on . In  the  present 
case,  additional  support  for  this  idea  is  found  in  the  i‘xt  rente  repeat.ah  i 1 i ty 
of  the  lateral  microcracking  sequence  for  a given  indentation  orientation, 
as  exemplified  by  Figures  15a  and  15b.  Only  crvstal  logr;i[)hlcall  v related 
crack  initiators,  such  as  twins,  could  reproduce  the  s.ime  crack  morphology 
so  consistently. 

The  suggestion  that  the  specific  Lateral  cr.iik  nucle.it  ion  defects  are 
twins  in  the  case  of  hucalox  rests  on  sever.il  f.ictors,  prim.irily  the  ob- 
served twin/parent  decobesion  along  indent  w.ills,  .is  tvpilied  in  Figure  1 ic . 

In  addition,  this  decohesion  begins  to  occur  in  the  same  load  range  as  doi>s 
lateral  cracking.  Hockey’'^  has  pointed  out  that  Ti'M  studies  show  that  whereas 
the  bulk  of  the  indentation  plasticitv  in  sapphire  is  confined  belotv  tin  in- 
dent, microtwins  can  extend  up  from  this  region  to  the  surface  of  the  inden- 
tation, where  the  lateral  cracks  seem  to  fi'rm. 

It  is  import.int  to  consider  the  oper.i  t i .nia  I r.inge  (temperature,  parti- 
cle velocity)  over  which  particul.ite  eriision  of  .ilumin.i  might  be  affected 
bv  a lateral  microcrack  mech.inism  b.ised  on  twin-induced  cr.icking.  From 
the  experimental  measurements,  the  ultimate  stress  for  twinning  .ipp.irentlv 
corresponds  to  ,i  str.iin  rate  on  the  order  of  1()“  sec“*.  .Assuming  .in  indinta- 
tion  depth  of  about  5 um.  and  an  indentation  strain  of  0.08,’^’  an  ultimate 
indenter  velocity  of  around  5xl0’  m/sec  is  calcul.ited.  Considering  that 
twins  propagate  at  sonic  velocity*',  i.e.,  9xl0’  m/sec  in  alumina,  the  esti- 
mated ultimate  v'elocity  is  reasonable. 

Most  of  our  information  on  the  relationship  hetwian  impact  ,ind  twinning 
comes  from  studies  of  metals.  in  manv  of  these  svstems,  the  number  of  twins 
imre.ises  with  str.iin  r.ite,  .ilthough  the  twinning  stress  1 1 so  i ncre.ises . ’ 
Consequent  ly  , t w i n-nuc  1 1'.i  t ed  mi  crocr.ick  i ng  in  alumina  might  wi-1  1 lu'  expect- 
ed at  high  particle  impact  velocities.  On  the  other  hand,  the  spei'd  of  twin 
growth  mav  limit  the  size  of  twins,  whicti  might  in  turn  limit  lateral  micro- 
cr.ick  extension.  The  latter  is  expected  to  be  related  to  the  initial  flaw 
(twin)  maximvim  dimension,  and  to  the  volume  of  stressed  material.  That  is, 
extension  of  lateral  cracks  is  controlled  b'’  tensili'  stresses  originating 
during  tlu'  unloading  portiini  of  the  indentation  event,  and  acting  on  the 
crack  nucleating  flaw  according  to  fracture  mechanics  considerat ions . Craik 
exten-.ion  in  .1  particular  stress  field  then  requires  the  presence  of  .i  flaw 
in  excess  of  some  critical  size. 
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Mi'st  par  l i i-ul  .It  o iitip.u't  an  v i rumni'n  t s al  aiip,  i ni-.  ■ r i np  inti  t>-  l wmil  ■ 
involvt'  t nmper.'i  1 11  rns  abovi“  J}°C.  Wiihin  tlu‘  rtptimo  .s  L nd  i lai , i.e..  ■’  s ' l>> 

'tO()"C.  it  , w.is  ns.seiU  ial  I V itliornial.  (amstniiion  t 1 y , it  is  most  liknlv  tiial 
.>viT  this  liimparaturi'  ranpi’,  str.iin  rate  (p.irtiilr  vr ! lu- i t vyt  ilfisl  ■ wnulii 
dominate  crack  initiation,  with  substrate  temper. t uirr  a secotidarv  vari.ibl' 


CONCLUSIONS 

Compressive  f.iilure  of  po  J verys  ta  i i i ne  aluni/ni.t  is  tlterra.ji  )y  .!<■  t i v'at  i“d , 
with  .in  app.irent  basis  in  twin-nucleated  mi  crocrack  i ng.  I'lie  latter  process 
controls  lateral  crack  form.it  ion,  hence  erosion,  during  indentation.  It  is 
I ikelv  that  twinning  and  .associated  l;iteral  crack  formation  in  Ai.O,  c.in 
persist  to  ijuito  high  velocitie.s,  on  the  order  ol  'ixiO^  m/sec . , during  parti- 
culate impact . 
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